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Several capsid proteins were selectively released from the viral core of Chlorella virus CVK2 by treatment with 4M urea.
Among the viral core proteins, seven species (Vp154, Vp73, Vp63, Vp52, Vp48, Vp42, and Vp25) were shown to have DNA-
binding activities by Southwestern blot analysis. Except for Vp154 and Vp25, these DNA-binding proteins showed a specific
affinity for the viral genomic DNA. The viral core also contained three proteins with protein kinase activity (Vp73, Vp60, and
Vp37); Vp73 seemed to have both DNA-binding and protein kinase activities. Antisera raised against Vp73 were used to
screen a lambda-CVK2 expression library for the gene encoding Vp73. Three different clones (Vp73-3, Vp73-29, and Vp73-
42) were obtained and analyzed. ORFs found in these clones all contained characteristic proline-rich motifs. The Vp73-42
ORF showed a strong similarity with histone H1 of various organisms and the Vp73-29 ORF contained two regions with
leucine-zipper motifs. All three genes were expressed late in infection. q 1996 Academic Press, Inc.
INTRODUCTION into the host cytoplasm leaving an empty capsid on
the cell surface. Viral DNA synthesis begins about 1
Large icosahedral viruses that infect unicellular hr postinfection (p.i.) and by 2 – 3 hr p.i. parts of the
green algal Chlorella cells have been found in fresh viral capsid accumulate in the cytoplasm. Mature,
water by plaque assay (for review, see Van Etten et DNA-filled virions appear by 4 hr p.i. and about 2 – 4 hr
al., 1991). Outstanding features of these viruses (Phy- later the host cells burst, releasing virus progeny into
codnaviridae, Francki et al., 1991) include a bacterio- the culture medium (Meints et al., 1984). Viral gene
phage-like infection process, a large linear dsDNA ge- transcription is conveniently divided into early and late
nome with hairpin termini, DNA restriction and modifi- stages. The junction between these stages is about
cation enzymes, and multiple protein components of 1 – 2 hr p.i., which coincides with the initiation of viral
the virion (Van Etten et al., 1991). Chlorella virus CVK2 DNA synthesis (Schuster et al., 1986; Yamada et al.,
is a member of this viral family, isolated in Japan using 1993a).
a unicellular green alga Chlorella sp. NC64A as host The CVK2 virion contains more than 50 structural
(Yamada et al., 1991). The CVK2 genome is a linear, proteins ranging in size from 10 to 200 kDa (Yamada
nonpermuted, 350-kb dsDNA molecule with covalently et al., 1993b). A lipid component located inside the
closed hairpin ends like those found in CVK1 DNA outer glycoprotein capsid was characterized for PBCV-
(Yamada and Higashiyama, 1993). The DNA termini are 1 (Skrdla et al., 1984). The major capsid protein Vp54
identical inverted repeats of about 1.0 kb. The infection with a molecular mass of 54 kDa (Vp52 for CVK1, Ya-
cycle of CVK2 with Chlorella strain NC64 as a host is mada et al., 1993b) representing about 40% of total
similar to that described for PBCV-1, the prototype of protein is one of three glycosylated viral proteins
Phycodnaviridae: In the normal lytic cycle, virus parti- (Graves and Meints, 1992b; Wang et al., 1993). Except
cles attach to the surface of host cells, digest the cell for this most abundant viral protein, the SDS – poly-
wall at the point of attachment, and inject the viral core acrylamide gel electrophoresis (PAGE) migration pat-
terns of the other structural proteins among different
viral isolates showed considerable heterogeneity (Ya-1 The nucleotide sequences reported in this paper have been submit-
mada et al., 1993b). The structure and function of eachted to EMBL/GenBank/DDBJ databases under Accession Nos. D78305,
D78306, and D78307. of these proteins is unknown.
2 To whom correspondence and reprint requests should be ad- We are interested in the viral core proteins associ-
dressed. Fax: /81(824)24-7752. E-mail: tayamad@ue.ipc.hiroshima-u. ated with the genomic DNA. These proteins are in-
ac.jp.
volved in diverse activities such as viral nucleoid as-3 Current address: Technical Headquarters, Advanced Technology
sembling, uncoating, transcription, DNA replication,Research Center, Mitsubishi Heavy Industries, Ltd., 8-1 Sachiura, 1-
Chome, Kanagawa-Ku, Yokohama 236, Japan. and DNA packaging into the viral capsid. In this study,
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we detected seven DNA-binding proteins and three bovine erythrocyte carbonic anhydrase (30,000 Da), and
horse muscle myoglobin (17,201 Da).proteins with protein kinase activity in the viral core
of CVK2. By using antisera raised against DNA-binding For assays of DNA-binding and protein kinase activi-
ties, viral proteins in SDS sample buffer were heated forprotein Vp73, three different genes were isolated from
a CVK2 expression library and examined in detail. 10 min at 607 instead of 1007. To see the effects of disul-
fide bonding on the protein separation pattern, 2-mercap-
toethanol was omitted from sample buffer in some exper-MATERIALS AND METHODS
iments. Quantitation of proteins was done using a Lowry
Cells and viruses microassay (Peterson, 1977) with BSA as the standard.
To label surface proteins, purified CVK2 particles were
Cells of Chlorella sp. strain NC64A (Muscatine et al., iodinated with 125I and lactoperoxidase according to
1967) were cultured in a modified Bold’s basal medium Skrdla et al. (1984).
(MBBM) as described (Van Etten et al., 1982). Chlorella
virus CVK2 was a large-plaque forming virus isolated in Detection of DNA-binding proteins by Southwestern
Kyoto, Japan (Yamada et al., 1991). Restriction fragment (DNA-protein) blot analysis
patterns of the genomic DNA and SDS–PAGE patterns
Fifty micrograms of CVK2 proteins were resolved onof the structural proteins were almost the same for CVK2
an SDS–10% polyacrylamide gel and transferred onto aand CVK1 (small-plaque forming isolate, Yamada and
nylon membrane (Immobilon Transfer membrane, Milli-Higashiyama, 1993). The production and purification of
pore) with a Trans Blot Cell (Bio-Rad). Southwestern anal-CVK2 virus were described previously (Yamada et al.,
ysis was performed essentially according to Miskimins1991).
et al. (1985). The filter was first incubated for 1 hr in
preincubation buffer [25 mM Tris–HCl (pH 7.4), 1 mMPreparation of DNA and RNA
EDTA, 0.14 M NaCl, 5% nonfat dry milk] and then incu-
DNA was isolated from the purified viruses as de- bated for 1 hr at 307 in binding buffer containing 10 mM
scribed previously (Yamada et al., 1991). DNA was used Tris–HCl (pH 7.5), 1 mM EDTA, 50 mM NaCl, 0.02% BSA,
for restriction enzyme digestion and Southern blot analy- 0.02% Ficol, 0.02% polyvinylpyrrolidone, and 1 1 105 cpm
sis. Following the transfer of DNA fragments onto nylon of a 32P-end-labeled Sau3AI fragment of CVK2 DNA. In
filters (Biodyne, Pall BioSupport), the filters were hybrid- some experiments, the preincubation buffer contained
ized with probes that were labeled with nonradioactive unlabeled sonicated calf thymus DNA or Sau3AI-di-
digoxygenin-dUTP as described (Yamada et al., 1991). gested CVK2 DNA at various concentrations as DNA-
Total RNA was isolated from uninfected and infected binding competitors. The blot was then washed four
host cells at various times after infection with CVK2 ac- times for 30 min each at room temperature in fresh bind-
cording to Rochaix et al. (1988), blotted onto nylon filters, ing buffer without probe or competitor DNA, air dried,
and hybridized with 32P-labeled probes. Washed filters and exposed to Kodak XAR film for 3 days.
were autoradiographed for 24–120 hr.
Detection of protein kinase activities
Fractionation of viral proteins
Protein kinase renaturation (autophosphorylation)
assay was performed according to Parsons et al. (1993).Purified virus particles (50 mg) were suspended in 4.5
ml of TE (10 mM Tris–HCl, pH 7.5, and 1 mM EDTA) at Viral proteins (50 mg) were treated with 4 M urea, sepa-
rated by SDS–PAGE (10% polyacrylamide gels) without47, combined with 4.5 ml of 8 M urea, and incubated at
47 for 1 hr. After centrifugation at 17,700 g for 10 min at preboiling, and transferred to polyvinylidene difluoride
(PVDF) membranes as above. After preincubation in a47, the supernatant was saved as the soluble fraction
and the pellet was washed twice with 4 M urea and used blocking solution containing 50 mM HEPES–KOH (pH
7.5) and 5% nonfat dry milk at 47 overnight, the membraneas the core fraction. The soluble fraction was added to
3 ml of 41 sample buffer (11 sample buffer contained was transferred to labeling buffer containing 50 mM
HEPES–KOH (pH 7.5), 2 mM MnCl2 , and 10 mCi [g-
32P]-62.5 mM Tris–HCl (pH 6.8), 3% SDS, 10% glycerol, and
5% 2-mercaptoethanol) and the core fraction was resus- ATP and incubated at 307 for 1 hr. The membrane was
washed in 50 mM HEPES–KOH (pH 7.5) four times forpended in 9 ml of distilled water, sonicated, and brought
to 11 SDS sample buffer. Both fractions were subjected 5 min each at room temperature, air dried, and subjected
to autoradiography. Protein kinase assay followed theto SDS–PAGE according to Yamada et al. (1993b). Mo-
lecular size markers (Daiichi Pure Chemicals Co., Ltd.) procedure of Geahlen et al. (1986). Viral proteins were
electrophoresed on SDS–10% polyacrylamide gels con-contained rabbit muscle myosin (200,000 Da), Esche-
richia coli b-galactosidase (116,248 Da), bovine serum taining casein (1 mg/ml). To renature proteins, gels were
washed in six changes of 40 mM HEPES–KOH (pH 7.5)albumin (66,267 Da), rabbit muscle aldolase (42,400 Da),
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over a period of 6 hr at room temperature. The gel was gated to alkaline phosphatase (0.1 mg/ml) was used to
detect the primary antibody by colorimetric methods. Forincubated in the reaction mixture containing 50 mM
HEPES–KOH (pH 7.5), 50 mM KCl, 2 mM DTT, 10 mM immunoblot analysis, the viral proteins were electro-
transferred onto a nylon filter (Immobilon PVDF, Millipore)MgCl2 , and 60 mCi [g-
32P]ATP at 307 for 4 hr. The excess
ATP was removed by incubating in 40 mM HEPES–KOH with a Semi-Dry transfer cell (Bio-Rad) according to the
manufacturer’s specifications. After blocking with 3%(pH 7.5) containing 3.3% (w/v) Dowex 2 1 8 0 50 anion
exchange resin. After fixing with a solution containing BSA–5% nonfat dry milk–0.06% Tween 20 in PBS for 4
hr, the filter was treated successively with primary (anti-10% 2-propanol, 5% acetic acid, and 1% sodium pyro-
phosphate, the gel was exposed to Kodak XAR film to Vp73) and secondary (alkaline phosphatase-conjugated
goat anti-mouse immunoglobulin G, Bio-Rad) antibodiesdetect labeled bands.
as described previously (Yamada et al., 1993a).
Preparation of a genomic library of CVK2 DNA with a
Screening of the Vp73 gene from lambda-ZAPII-CVK2lambda expression vector
library
To screen the genes for DNA-binding proteins, a
The lZAPII-CVK2 DNA library was screened for thelambda ZAPII expression library of CVK2 DNA was con-
Vp73 gene. Plating mixtures for 150-mm-diameter platesstructed as follows: After fragmentation by sonicating
contained about 4000 PFU of phage. Infected XL-BLUEwith a BRANSON 250 ultrasonic processor (output 2, 4
MRF cells were plated in 0.7% NZY agar and incubatedtimes), CVK2 DNA (250 mg) was size-fractionated by aga-
at 377 for 5 hr to form plaques. Nylon filters (Biodyne A,rose gel electrophoresis. DNA fragments of 2–4.3 kb
Pall BioSupport) were saturated with 10 mM isopropyl-were cut from the gel and collected by electroelution.
b-D-thiogalactopyranoside (IPTG) for 30 min. The IPTG-The DNA fragments were treated with EcoRI methylase
saturated filter was incubated for 3 hr at 377. Positive(New England Biolabs) in a buffer containing 50 mM
clones were detected by Western blot with anti-Vp73NaCl, 50 mM Tris–HCl (pH 8.0), 10 mM EDTA, 80 mM S-
antisera as described above. The positive clones wereadenosylmethionine at 377 for 1 hr to be protected from
purified at least three times. Fragments cloned in lZAPIIfurther EcoRI digestion. The DNA was then treated with
were excised with helper phage and grown in pBlue-T4 DNA polymerase (Toyobo, Inc.), to obtain blunted DNA
script SK0 according to the manufacturer’s instructionends, in a buffer containing 50 mM Tris–HCl (pH 8.5), 7
(Stratagene).mM MgCl2, 15 mM (NH4 )2SO4 , 10 mM 2-mercaptoetha-
nol, 0.1 mM EDTA, 33 mM dNTPs, and 200 mg/ml BSA at
Subcloning and sequencing377 for 5 min. After ligation with EcoRI linkers (Takara
Shuzo Co., Ltd.), the fragments were digested with EcoRI, Restriction fragments of the lambda clones containing
ligated to lambda ZAPII arms (lZAPII-EcoRI/CIAP cloning the genes for DNA-binding proteins were subcloned into
kit, Stratagene), packaged with Gigapak II Gold packag- M13 mp18 and mp19 vectors to make overlapping
ing extract (Stratagene), and used to infect E. coli XL1- clones. Single-stranded DNA was sequenced by the di-
BLUE MRF(mcrA0, mcrB0, and mrr0). The resulting deoxy method in an Automated Laser Fluorescent (ALF)
lZAPII-CVK2 library (5 ml) contained phages at 4 1 109 DNA sequencer (Pharmacia). The EMBL/GenBank/DDBJ
PFU/ml. databases were searched for similar sequences, using
Another genomic library of CVK2 DNA was constructed the FASTA computer program (Pearson and Lipman,
as follows: CVK2 DNA was partially digested with Sau3AI, 1988) and aligned using the GENETYX program (SDS
size-fractionated (fragments of 10–20 kb were collected), Softwear Co., Ltd.)
and ligated to BamHI-digested lDASHII arms (Stra-
tagene). After packaging with Gigapack II Gold packag- RESULTS
ing extract (Stratagene), the phages were grown in E.
Release of capsid proteins from the CVK2 viralcoli SRB (P2). The preparation yielded approximately 2
particles1 107 PFU/mg DNA.
Purified CVK2 particles were treated with several re-Immunological techniques
agents under various conditions to separate empty cap-
sids and subviral particles. Treatment with detergentsThe purified Vp73 (20 mg) was emulsified in complete
Freund’s adjuvant and injected subcutaneously into fe- including Triton X-100, Nonidet P-40, SDS, sodium deoxy-
cholate, and sodium N-lauroyl sarcosinate (2%) did notmale mice (BALB/C, 2 weeks old). Subsequent boosts
were at 2-week intervals with antigen in incomplete result in release of viral proteins. Treatment of the virus
with reducing agents including dithiothreitol and dithio-Freund’s adjuvant. Mouse serum was collected 4 days
after each boost. A Promega Protoblot immunoblot sys- erythritol (5 mM) resulted in a rapid loss of viral infectivity
but no protein was released from the virions. Freezingtem with the goat anti-mouse immunoglobulin G conju-
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32P-labeled CVK2 DNA fragments. The results shown in
Fig. 2 revealed 7 DNA-binding proteins of the CVK2 viral
core: they were proteins with Mr 154, 73, 63, 52, 48, 42,
and 25 kDa. Three species, Vp63, Vp42, and Vp25
seemed to have relatively higher affinity for the DNA.
None of the surface proteins released with 4 M urea
bound to DNA (data not shown). The binding of these
proteins to CVK2 DNA was reduced by addition of com-
petitor DNA: With excess unlabeled CVK2 DNA as com-
petitor, binding of most of the proteins except for Vp63
was drastically inhibited (Fig. 2, lanes 2 and 3), whereas
with calf thymus DNA, the five protein species Vp73,
Vp63, Vp52, Vp48, and Vp42 remained bound to the DNA
probe even with competitor in 1000–2000 times excess
(Fig. 2, lanes 4–7). In contrast, Vp154 and Vp25 binding
FIG. 1. Release of capsid proteins from the CVK2 viral particles. (A) was completely obliterated with 100 mg/ml calf thymus
SDS–polyacrylamide gel electrophoresis patterns of the viral proteins
DNA. These results could be interpreted to mean thatbefore (lane 1) and after treatment with 4 M urea (lanes 2 and 3). Lanes
each of the seven CVK2 DNA-binding proteins have dif-2 and 3 contained the pellet fraction and the soluble fraction after the
treatment, respectively. Positions of the molecular size markers are ferent affinities for DNA and bind to CVK2 DNA in differ-
shown on the left. (B) 125I-labeling of the surface proteins of CVK2 ent ways; that is, four species Vp73, Vp52, Vp48, and
virions. Vp42 have specific affinity for CVK2 DNA while Vp154
and Vp25 are nonspecific. The binding of Vp154 was very
weak. The binding of Vp63 with CVK2 DNA was so stableand thawing and heating in the presence of detergents
that excess amounts of competitor DNAs, either CVK2disrupted the viral particles but proteins were released
DNA or calf thymus DNA, could not inhibit it.randomly. One way that we found to be effective was
treating the virus with 4 M urea at 47 for 1 hr. After this
treatment, at least 10 different proteins with molecular Detection of protein kinase activities in the viral core
masses (Mr ) of 52, 45, 41, 25, 23, 20.5, 20, and 16.2 kDa
To determine whether CVK2 virions contain proteinwere released reproducibly from the viral particles into
kinase activity (autophosphorylation), viral proteins (50the soluble fraction (Fig. 1A). Among the released pro-
mg) were disrupted by 4 M urea treatment as above,teins, the 52-kDa protein (Vp52) was the major capsid
separated by SDS–PAGE without sample boiling, blottedglycoprotein (Yamada et al., 1993b) and made up about
onto a PVDF membrane, and assayed as described un-40% of the total viral proteins. When the intact virus was
der Materials and Methods. Three autophosphorylatinglabeled with 125I by lactoperoxidase, two strongly labeled
proteins (52 and 45 kDa) and one faintly labeled band
(75 kDa) appeared (Fig. 1B). The protein band corre-
sponding to 75 kDa could not be identified by staining
with Coomassie brilliant blue (R-250) so that the 125I-
labeled 75-kDa band may be an artifact. Both Vp52 and
Vp45 were selectively included in the soluble fraction in
Fig. 1A, indicating that the treatment with 4 M urea dis-
rupted the viral surface structure or capsid and released
its constituent proteins (designated ‘‘capsid proteins’’).
The remaining proteins (more than 40 species) possibly
integrated in distinct structural units precipitated to-
gether with DNA (designated ‘‘core proteins’’) (Fig. 1A).
Detection of DNA-binding proteins in the viral core
FIG. 2. Southwestern blot to detect DNA-binding proteins in CVK2
virions. Viral proteins separated by SDS–PAGE were transferred ontoOf the more than 40 structural proteins of CVK2 precipi-
a nylon membrane and probed with 32P-labeled CVK2 DNA fragments.tated with DNA after 4 M urea treatment (core proteins)
In some experiments, unlabeled CVK2 DNA or calf thymus DNA was(Fig. 1A), some were expected to be bound to DNA, form-
added as a competitor. Lanes: 1, without competitor DNA; 2 and 3,
ing the virion nucleoid. To detect DNA-binding proteins, with CVK2 DNA (competitor) at 1 mg/ml and 10 mg/ml, respectively; 4–
the precipitated viral core proteins were separated by 7, with calf thymus DNA (competitor) at 1, 10, 100, and 200 mg/ml,
respectively.SDS–PAGE, transferred to a membrane, and probed with
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as a specific DNA-binding activity as described above.
Therefore, we characterized the structure and function
of this protein further.
Screening of the gene for Vp73 from a lambda ZAPII-
CVK2 expression library
The Vp73 protein was separated by preparative SDS–
10% PAGE and collected by electroelution. The purified
protein was used to immunize mice for production of
anti-Vp73 antisera. The antisera gave a strong band at
the expected position in Western blot analysis of the
CVK2 proteins, but two additional bands of 43 and 25
kDa appeared as well (data not shown). This was the
case with two independently prepared antisera. There-
FIG. 3. Detection of protein kinase activities in CVK2 virion proteins. fore, we used both antisera for screening the Vp73 gene
(A) Viral proteins were fractionated by 4 M urea treatment into pellet
from a CVK2-expression library. Recombinant phage(lane 1) and supernatant (lane 2) fractions, separated by SDS–PAGE,
clones containing the Vp73 gene were selected from aand subjected to kinase renaturation assay for autophosphorylation
activities. (B) Viral proteins separated as in (A) were assayed for casein lZAPII-CVK2 library by Western blot with anti-Vp73 anti-
kinase activities by a gel overlay method (Materials and Methods). sera. Fifty positive clones picked from the initial screen-
Lanes 1 and 2 contained viral proteins of 4 M urea-pellet and -superna- ing plate were classified into three groups according to
tant fractions, respectively. (C) Phosphorylation of CVK2 viral proteins
signal intensity: 28 clones were strong (S), 12 clonesby in vitro reaction with [g-32P]ATP. The reaction products were sepa-
were medium (M), and 10 clones were weak (W). Allrated by SDS–PAGE. The reaction mixture contained, instead of 10
mM MgCl2 in the standard solution (Materials and Methods), 1 mM clones belonging to the same group essentially shared
EDTA (lane 1), 10 mM ZnCl2 (lane 2), 10 mM MgCl2 (lane 3), 2 mM a common CVK2 DNA fragment in their inserts. In Fig. 4,
MnCl2 (lane 4), 10 mM MnCl2 (lane 5), and 50 mM MnCl2 (lane 6). physical maps are shown for the insert DNA fragments
in the representative clones of each group, Vp73-3 for S,
Vp73-29 for M, and Vp73-42 for W.
proteins were clearly detected as shown in Fig. 3A. They When filter-blotted recombinant phage plaques were
were core proteins with Mr of 73 kDa (Vp73), 60 kDa assayed for DNA binding activities and protein kinase
(Vp60), and 37 kDa (Vp37). Optimal phosphorylation activ-
ity required 2–10 mM Mn2/ instead of Mg2/ or Zn2/ (data
not shown). The surface proteins released with 4 M urea
did not show any autophosphorylating activity. These au-
tophosphorylating proteins also showed protein kinase
activity with casein as a substrate when assayed by a
gel overlay method (Geahlen et al., 1986). As shown in
Fig. 3B, all three proteins showed strong phosphorylating
signals. Although in this experiment, it was difficult to
distinguish casein kinase activity from an autophosphor-
ylation activity, the Vp73 band was much stronger with
casein than without casein, indicating a casein-phos-
phorylating activity of this protein (Fig. 3B). When total
CVK2 virion proteins including these three protein ki-
nases were incubated with [g-32P]ATP and analyzed by
SDS–PAGE and autoradiography, almost all the proteins
were phosphorylated as shown in Fig. 3C. Although the
phosphorylation extent varied from protein to protein, in
all cases, Mn2/ was more effective than other divalent
FIG. 4. Physical maps of the CVK2 DNA clones Vp73-3 (A), Vp73-29
cations in stimulation of the protein kinase activity. Vp37 (B), and Vp73-42 (C), which were selected from a lZAPII-CVK2 expres-
of CVK2 seems to correspond to a 35-kDa protein kinase sion library with anti-Vp73 sera. The overlapping clones pVp73-3,
pVp73-29, and pVp73-42 were screened from a lDASHII-CVK2 genomicreported for Chlorella viruses PBCV-1 and SC-1A, bearing
library by plaque hybridization and their maps are also shown. Thestrong homology with eukaryotic serine/threonine protein
ORF is indicated by an arrow. Symbols used for restriction enzymes
kinases (Que and Van Etten, 1995). The nature of Vp60 are: A, AccI; B, BglII; E, EcoRI; EV, EcoRV; H, HindIII; K, KpnI; N, NruI;
is unknown and was not examined further in this study. P, PstI; Pv, PvuII; Sa, SacI; Sc, ScaI; Sm, SmaI; Sp, SphI; X, XhoI. EcoRI
linker sites are bracketed.Vp73 showed a remarkable casein kinase activity as well
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activities as above, all three clones, Vp73-3, Vp73-29, and cant matches. The C-terminal region of the protein con-
taining the PX-repeat motifs is particularly rich in basicVp73-42, showed strong DNA-binding signals with 32P-
labeled CVK2 DNA fragments, but protein kinase activity amino acids, which might interact directly with nucleic
acids.(autophosphorylation) was detected only with Vp73-29
(data not shown). The nucleotide sequence (2383 bp) of pVp73-42 shown
in Fig. 5C contained an ORF with 616 aa, correspondingAs described below, DNA sequencing of these clones
revealed that the N-terminal regions of some ORFs were to a 68,042-Da polypeptide. The promoter region (posi-
tions 246–291) contained a 46-bp stretch that was richtruncated. Therefore, 5*-linking clones were screened
again from the lDASHII-CVK2 genomic library by South- in A and T (95.5%). The deduced amino acid sequence of
the ORF contained abundant proline and lysine residues,ern hybridization with a 1.2-kb EcoRI/EcoRV fragment of
Vp73-3, a 0.6-kb EcoRI/PvuII fragment of Vp73-29, and a which represent 11.2 and 11.4% of the total amino acids,
respectively. This large proportion of proline and lysine0.7-kb EcoRI/AccI fragment of Vp73-42 (Fig. 4). Physical
maps of linking clones pVp73-3, pVp73-29, and pVp73- was mainly due to a domain consisting of a proline-rich
motif, PKPA, that was reiterated 20 times near the C-42 are also shown in Fig. 4.
terminus of the protein (positions 1705–1944). A survey
of the databases showed similarity (FASTA score higherNucleotide sequence analyses of the clones pVp73-3,
than 250) between the pVp73-42 sequence and ORFpVp73-29, and pVp73-42
A35L encoded on the 45-kb region located at the left end
A 2400-bp nucleotide sequence spanning Vp73-3 and of Chlorella virus PBCV-1 genome (Lu et al., 1995). The
pVp73-3 was determined. This sequence contained an nucleotide sequence that we determined corresponded
ORF without introns encoding a 70,756-Da polypeptide to positions 23,552 to 21,266 of the PBCV-1 sequence,
consisting of 648 amino acids (aa) as shown in Fig. 5A. but a G residue at position 21,368 in the PBCV-1 se-
Preceding the ORF sequence, there was a typical Chlo- quence was missing in our sequence so that the re-
rella viral promoter region (Schuster et al., 1990; Van sulting putative ORF was 37 aa larger in the C-terminal
Etten et al., 1991), consisting of 62 bp (positions 211– region than A35L. Surprisingly, in spite of almost perfect
272) rich in A and T (more than 90%). The G / C content colinearity in the amino acid sequences between the
of the ORF region was 43.3% and there was no apparent Vp73-42 ORF and PBCV-1 A35L ORF in the N-terminal
codon bias for this gene. There was a proline-rich region region of 23-aa residues and in the C-terminal 145-aa
where a PSPGPK motif is reiterated five times in the region immediately after the PKPA motifs, the middle 448-
middle of the polypeptide (positions 1111–1200). Imme- aa region of Vp73-42 completely differs from the corre-
diately following these repeats, a 48-aa motif is tandemly sponding 471-aa portion of PBCV-1 A35L. Within this re-
repeated and eight glycine residues follow (positions gion of Vp73-42 ORF, there is a characteristic motif of 20
1201–1482). Comparing the predicted amino acid se- alternating A(E/K) amino acids (positions 703–762). The
quence of the Vp73-3 ORF with proteins in the databases pVp73-42 sequence also showed similarity to another
revealed no significant FASTA scores (greater than 100). ORF, A41R of PBCV-1, but to a lesser degree. The A35L
Sequencing the clones Vp73-29 and pVp73-29 re- and A41R products were described as proline-rich pro-
vealed an ORF that could encode 571 aa which would teins with repeats of a PAPK motif. The Vp73-42 ORF also
correspond to a 62,749-Da polypeptide as shown in Fig. showed remarkable similarities to plant anther-specific
5B. A putative promoter region of 54 bp (positions 223 – proline-rich proteins and histone H1 of various organ-
276) contained 96% A and T. A 48-aa motif that resem- isms (data not shown). However, the similarity is re-
bled the one in Vp73-3 (96% identical) was repeated twice stricted to the proline-rich sequences.
and was followed by nine glycine residues (positions
1378–1686). A proline-rich region consisting of 15 repeti- Mapping of the genes for Vp73-3, Vp73-29,
tions of PX was also found immediately preceding the and Vp73-42
48-aa motifs (positions 1288–1377). Interestingly, two re-
gions including leucine-zipper motifs were located at po- By Southern blot hybridization, the genes for Vp73-3,
Vp73-29, and Vp73-42 ORFs were located on the CVK2sitions 535–577 and 733–819. A search of the databases
for sequences similar to Vp73-29 failed to find any signifi- genome. The Vp73-3 probe (1.2-kb EcoRI/EcoRV frag-
FIG. 5. Nucleotide sequences of the Vp73-3 (A), Vp73-29 (B), and Vp73-42 (C) genes. The deduced amino acid sequence for the ORF is shown
beneath the DNA sequence. Dotted lines indicate putative promoter regions. (A) A total of 2439 bp containing an ORF of 648 aa are presented.
Arrows indicate the repetitive PSPGPK motifs. The duplicated 48-aa sequences are underlined and the glycine cluster is double-underlined. (B) A
sequence of 2193 bp with an ORF of 571 aa is shown. Arrows show the reiterated PX motifs. The duplicated 48-aa motifs and the glycine cluster
are indicated as in (A). Leucine residues in the putative leucine-zipper domains are circled. (C) A total of 2383 bp containing an ORF of 616 aa are
presented. Arrows indicate the repeated PKPA motifs. The region containing the A(E/K) motifs are underlined.
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FIG. 5—Continued
ment of Vp73-3, Fig. 4) hybridized to a 170-kb Sse8387I same as that of Vp73-3; its location is shown in Fig. 6.
The gene probe for Vp73-42 (0.7-kb EcoRI/AccI of Vp73-fragment of CVK2 DNA (data not shown), indicating a
position of this gene on the right half of the CVK2 genome 42) hybridized with the 40-kb NotI fragment of CVK2 DNA.
However, it did not hybridize with the corresponding frag-as shown in Fig. 6 (Yamada et al., 1993a). Similarly, the
Vp73-29 gene hybridization pattern was essentially the ments of the CVK1 deletion mutant DNAs (Songsri et al.,
AID VY 7886 / 6a15$$$423 04-22-96 17:44:35 viras AP: Virology
403DNA-BINDING PROTEINS OF CVK2
FIG. 5—Continued
AID VY 7886 / 6a15$$7886 04-22-96 17:44:35 viras AP: Virology
404 YAMADA ET AL.
peroxidase. DNA-binding assays showed no affinity of
these proteins for DNA. From these results, we consid-
ered that the outermost envelope (shell) of the virion was
destroyed by this treatment and its constituents (aboutFIG. 6. Physical map of CVK2 DNA showing regions encoding the
Vp73-3, Vp73-29, and Vp73-42 genes. The orientation of the map is 10 proteins) were separated from the DNA-containing
shown reversed in comparison with the previous one (Yamada et al., viral core. Establishment of this fractionation procedure
1993a).
made possible the characterization of individual surface
proteins and the reconstruction of the viral capsid, and
it allows for the examination of the interactions between1995), indicating that this gene is located in the left-
each of the viral constituents.terminal region within the 40-kb NotI fragment deleted
in the mutants (Fig. 6) (Songsri et al., 1995).
DNA-binding proteins and protein kinase activities
Expression of the genes for Vp73-3, Vp73-29, Seven structural proteins of CVK2 virions were demon-
and Vp73-42 strated to have DNA-binding capacity. Although each
protein showed its own affinity to DNA, most seemed toTo examine whether the genes for Vp73-3, Vp73-29,
bind CVK2 DNA preferentially (Fig. 2). The exact functionsand Vp73-42 are expressed during viral infection, total
of these CVK2 DNA-binding proteins are not known.RNA from Chlorella NC64A cells infected with CVK2 was
Among the CVK2 virion proteins, we detected threeextracted at various times after infection and analyzed
protein kinase activities (Vp73, Vp60, and Vp37) that wereby Northern blot (Fig. 7). All three genes showed essen-
separable by SDS–PAGE. Vp37 seems to correspond totially the same expression pattern: a single major tran-
the 40-kDa protein kinase reported for PBCV-1 and SC-script of about 2.0, 1.8, and 1.8 kb for the genes of Vp73-
1A (Que and Van Etten, 1995) because of its size. Que3, Vo73-29, and Vp73-42, respectively, seen at 120, 240,
and Van Etten (1995) detected 10 proteins phosphory-and 360 min p.i., but totally absent early in infection (Fig.
lated by virion-associated protein kinase(s) in PBCV-17). Thus, these are typical late genes. In the cases of the
and SC-1A, but under our experimental conditions almostVp73-3 and Vp73-29 genes, a few additional larger bands
all the viral core proteins (more than 40 species) were(of approx. 3.5, 4.0, and 6.0 kb for Vp73-3 and of 3.5 kb,
phosphorylated to various extents. The phosphorylating4.0 kb, and 5.0 kb for Vp73-29) were seen. Such large
extra transcripts were also reported for the Chlorella vi-
rus late genes (Graves and Meints, 1992a; Yamada et
al., 1993a) but they remain largely undescribed.
DISCUSSION
Structure of CVK2 virions
CVK2 virions consist of more than 50 proteins. Those
proteins include capsid structural components, host-at-
tachment proteins, cell wall-digesting enzymes, mem-
brane-associated proteins, DNA-binding proteins, RNA
polymerase subunits, transcription factors, protein ki-
nase, topoisomerase, and by analogy to the better char-
acterized ASFV, they include other enzymes as well (Ya-
nez et al., 1995). So far, little information has been avail-
able for the molecular organization of Chlorella virus
particles, except that in PBCV-1, the major capsid glyco-
protein Vp54 was characterized as one of at least four
viral surface proteins, three of which were glycoproteins
(Graves and Meints, 1992b; Van Etten et al., 1991). Vp54
was also one of four myristylated proteins (Que et al.,
1994). A lipid component located inside the capsid was
also reported (Skrdla et al., 1984). We find that at least
FIG. 7. Northern blot of RNA isolated from CVK2-infected Chlorella10 different proteins, including the major capsid protein
cells. The blots were hybridized with probes of the Vp73-3 (A), Vp73-
Vp52, are selectively released from the CVK2 virions by 29 (B), and Vp73-42 (C) genes. Lanes 1–6 contained RNA isolated at
treatment with 4 M urea. Some of these proteins were 0, 20, 60, 120, 240, and 360 min p.i., respectively. Positions of 26S and
18S rRNAs are indicated by arrowheads.labeled by treatment of intact virions with 125I and lacto-
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Laemmli, U. K. (1970). Cleavage of structural proteins during the assem-enzymes may have a role in some early processes of
bly of the head of bacteriophage T4. Nature (London) 227, 680–685.
the virus life cycle, including uncoating and transcription. Lu, Z., Li, Y., Zhang, Y., Kutish, G. F., Rock, D. L., and Van Etten, J. L.
(1995). Analysis of 45 kb of DNA located at the left end of the Chlorella
Interrelationships among three Vp73 proteins virus PBCV-1 genome. Virology 206, 339–352.
Meints, R. H., Lee, K., Burbank, D. E., and Van Etten, J. L. (1984). Infection
When the CVK2 viral core proteins were separated of a Chlorella-like alga with the virus, PBCV-1: Ultrastructural studies.
by SDS–PAGE and reacted with anti-Vp73 antisera in Virology 138, 341–346.
Miskimins, W. K., Roberts, M. P., McClelland, A., and Ruddle, F. H.Western blot analysis, one strong band corresponding
(1985). Use of a protein-blotting procedure and a specific DNA probeto 73 kDa in size and two weak bands at 43 and 25 kDa
to identify nuclear proteins that recognize the promoter region of thewere detected. Although the possibility that the smaller
transferrin receptor gene. Proc. Natl. Acad. Sci. USA 82, 6741–6744.
bands were degradation products of Vp73 cannot be Muscatine, L., Karakashian, S. J., and Karakashian, M. W. (1967). Solu-
ruled out, we consider that they are distinct proteins ble extracellular products of algae symbiotic with a ciliate, a sponge
that share a common epitope for the following reasons: and a mutant hydra. Comp. Biochem. Physiol. 20, 1–12.
Parsons, M., Valentine, M., and Carter, V. (1993). Protein kinase inAccording to the sequence analysis by Lu et al. (1995)
divergent eukaryotes: Identification of protein kinase activities regu-of a 45-kb region at the left end of the PBCV-1 genome,
lated during trypanosome development. Proc. Natl. Acad. Sci. USAthere are four ORFs with similar proline-rich motifs (A35L,
90, 2656–2660.
A41R, A57R, and A67R), among which A35L coincides Pearson, W. R., and Lipman, D. J. (1988). Improved tools for biological
with Vp73-42 ORF of this work. The molecular masses sequence comparisons. Proc. Natl. Acad. Sci. USA 85, 2444–2448.
Peterson, G. L. (1977). Modified Folin’s assay for plants. Anal. Biochem.of A41R (44 kDa) and A67R (33 kDa) resemble those of
83, 345–356.Vp43 and Vp25, respectively. If the antisera used in this
Que, Q., Li, Y., Wang, I.-N., Lane, L. C., Chaney, W. G., and Van Etten,work recognized the proline-rich motifs, those proteins
J. L. (1994). Protein glycosylation and myristylation in Chlorella virus
with different molecular masses could be detected in the PBCV-1 and its antigenic variants. Virology 203, 320–327.
Western blot analysis. This idea is consistent with the Que, Q., and Van Etten, J. L. (1995). Characterization of a protein kinase
fact that all three proteins (Vp73-3, Vp73-29, and Vp73- gene from two Chlorella viruses. Virus Res. 35, 291–305.
Rochaix, J.-D., Mayfield, S., Goldschmidt-Clermont, M., and Erickson, J.42) detected with the antisera contained similar proline-
(1988). Molecular biology of Chlamydomonas. In ‘‘Plant Molecularrich motifs and beyond those regions, no obvious similar-
Biology’’ (C. H. Shaw, Ed.), pp. 253–275. IRL Press, Oxford/Washing-ities were observed except for the characteristic tandem
ton, DC.
repeats of a 48-aa motif in Vp73-3 and Vp73-29. Judged Salas, M. L., Salas, J., and Vinuela, E. (1988). Phosphorylation of African
from the common molecular mass, Vp73-3 seems to be swine fever virus proteins in vitro and in vivo. Biochimie 70, 627–
635.the structural DNA-binding protein originally detected in
Schuster, A. M., Girton, L., Burbank, D. E., and Van Etten, J. L. (1986).the CVK2 viral core.
Infection of a Chlorella-like alga with the virus PBCV-1: transcriptional
studies. Virology 148, 181–189.
ACKNOWLEDGMENTS Schuster, A. M., Graves, M., Korth, K., Ziegelbein, M., Brumbaugh, J.,
Grone, D., and Meints, R. H. (1990). Transcription and sequenceWe thank Takao Fukuda and Yoshiteru Noutoshi for their help in
studies of a 4.3-kbp fragment from a ds-DNA eukaryotic algal virus.antisera preparation and DNA sequencing. We also thank Tokichi Miya-
Virology 176, 515–523.kawa, Eiko Tsuchiya, Makoto Fujie, and Dai Hirata for helpful discus-
Skrdla, M. P., Burbank, D. E., Xia, Y., Meints, R. H., and Van Etten, J. L.sions. This work was supported in part by a grant from the Technical
(1984). Structural proteins and lipids in a virus, PBCV-1, which repli-Research Center, Chugoku Electric Power Co., Inc.
cates in a Chlorella-like alga. Virology 135, 308–315.
Songsri, P., Hamazaki, T., Ishikawa, Y., and Yamada, T. (1995). Large
REFERENCES deletions in the genome of Chlorella virus CVK1. Virology 214, 405–
412.Baylis, S. A., Banham, A. H., Vydelingum, S., Dixon, L. K., and Smith,
Van Etten, J. L., Burbank, D. E., Joshi, J., and Meints, R. H. (1983). DNAG. L. (1993). African swine fever virus encodes a serine protein kinase
synthesis in a Chlorella-like alga following infection with the viruswhich is packaged into virions. J. Virol. 67, 4549–4556.
PBCV-1. Virology 134, 443–449.Francki, R. I. B., Fauguet, C. M., Knudson, D. L., and Brown, F. (1991).
Van Etten, J. L., Burbank, D. E., Kuczmarski, D., and Meints, R. H. (1982).Classification and nomenclature of viruses. In ‘‘Archives of Virology,’’
Virus infection of culturable Chlorella-like algae and development ofSuppl. 2. Springer-Verlag, Vienna.
a plaque assay. Science 219, 994–996.Geahlen, R. L., Anostario, M. Jr., Low, P. S., and Harrison, M. L. (1986).
Van Etten, J. L., Lane, L. C., and Meints, R. H. (1991). Viruses and virus-Detection of protein kinase activity in sodium dodecyl sulfate-poly-
like particles of eukaryotic algae. Microbiol. Rev. 55, 586–620.acrylamide gels. Anal. Biochem. 153, 151–158.
Graves, M. V., and Meints, R. H. (1992a). Characterization of the gene Wang, I.-N., Li, Y., Que, Q., Bhattacharya, M., Lane, L. C., Chaney, W. G.,
AID VY 7886 / 6a15$$$424 04-22-96 17:44:35 viras AP: Virology
406 YAMADA ET AL.
and Van Etten, J. L. (1993). Evidence for virus-encoded glycosylation (1993a). Expression of the gene encoding a translational elongation
factor 3 homolog of Chlorella virus CVK2. Virology 197, 742–750.specificity. Proc. Natl. Acad. Sci. USA 90, 3840–3844.
Yamada, T., and Higashiyama, T. (1993). Characterization of the termi- Yamada, T., Shimomae, A., Furukawa, S., and Takehara, J. (1993b).
Widespread distribution of Chlorella viruses in Japan. Biosci. Biotech.nal inverted repeats and their neighboring tandem repeats in the
Chlorella CVK1 virus genome. Mol. Gen. Genet. 241, 554–563. Biochem. 57, 733–739.
Yanez, R. J., Rodriguez, J. M., Nogal, M. L., Yuste, L., Enriquez, C.,Yamada, T., Higashiyama, T., and Fukuda, T. (1991). Screening of natu-
ral waters for viruses which infect Chlorella cells. Appl. Environ. Rodriguez, J. F., and Vinuela, E. (1995). Analysis of the complete
nucleotide sequence of African swine fever virus. Virology 208, 249–Microbiol. 57, 3433–3437.
Yamada, T., Fukuda, T., Tamura, K., Furukawa, S., and Songsri, P. 278.
AID VY 7886 / 6a15$$$424 04-22-96 17:44:35 viras AP: Virology
